Since there is a likelihood of coadministration of voriconazole and ritonavir, two studies were conducted to evaluate the potential of drug interaction. Study A was a randomized, placebo-controlled, two-period, parallelgroup trial (n ‫؍‬ 34). Study B had the same design without the placebo group (n ‫؍‬ 17). In period 1, subjects received 200 mg voriconazole or placebo twice daily (BID) for 3 days (400 mg BID on day 1). In period 2, following a 7-day washout, subjects received ritonavir alone at 400 mg BID (study A) or 100 mg BID (study B) for 10 days (days 11 to 20), and then ritonavir was coadministered with 200 mg BID voriconazole or placebo for the next 10 days (days 21 to 30). Serial plasma samples were collected on days 3, 20, and 30, and safety data were collected throughout the study. High-dose (400 mg BID) ritonavir substantially reduced the steady-state mean voriconazole exposure (area under the concentration-time curve from 0 to 12 h [AUC 0-12 ], ؊82%; maximum concentration [C max ], ؊66%). However, the effect of low-dose (100 mg BID) ritonavir was less pronounced (AUC 0-12 , ؊39%; C max , ؊24%). The decrease in voriconazole exposure was probably due to the induction of CYP2C19 and CYP2C9 by ritonavir. It is interesting that one subject in each study exhibited the opposite effect of ritonavir on voriconazole exposure (a 2.5-to 3-fold increase), probably due to lack of CYP2C19. Voriconazole had no apparent effect on the exposure of high-dose ritonavir but slightly decreased the exposure of low-dose ritonavir (AUC 0-12 , ؊14%; C max , ؊24%). The safety profile of combination therapy was not notably different from that of voriconazole or ritonavir alone. Due to the significant effect of ritonavir on voriconazole exposure, coadministration of voriconazole with 400 mg BID ritonavir is contraindicated; coadministration with 100 mg BID ritonavir should be avoided, unless an assessment of the benefit/risk to the patient justifies the use.
Subjects most susceptible to serious fungal infections are typically immunocompromised, which includes patients infected with human immunodeficiency virus (HIV)/AIDS. For HIV/AIDS patients, protease inhibitors (PIs) such as ritonavir are part of standard combination antiretroviral therapy. It is likely that such patients who require antifungal treatment with voriconazole are already receiving ritonavir in combination with other antiviral agents.
Voriconazole is a broad-spectrum triazole antifungal agent approved for the primary treatment of acute invasive aspergillosis and as a salvage therapy for serious fungal infections caused by Scedosporium apiospermum and Fusarium species, as well as for candidemia in nonneutropenic patients. In common with other triazole antifungal agents, voriconazole inhibits fungal cytochrome P450 (CYP)-dependent 14-␣-sterol demethylase, an essential enzyme in the synthesis of ergosterol (7, 8, 21) . The results of in vitro and in vivo studies have shown that voriconazole is primarily metabolized by CYP2C19, and to a lesser extent by CYP2C9 and CYP3A, and it also inhibits the activities of CYP2C19, CYP2C9, and CYP3A, possibly through the saturation of active sites (11, 13, 23, 24, 28) . It has been demonstrated that the genetic polymorphism of CYP2C19 accounts for a considerable proportion of the intersubject variability in voriconazole exposure (13, 14, 28) . Studies conducted with healthy Caucasian and Japanese subjects have shown that poor metabolizers (PMs) have, on average, fourfold-higher voriconazole exposure (area under the concentration-time curve from 0 to 12 h [AUC 0-12 ]) than their homozygous extensive-metabolizer (EM) counterparts; subjects who are heterozygous extensive metabolizers (HEMs) have, on average, twofold-higher voriconazole exposure than their EM counterparts (VFEND [voriconazole] package insert; Pfizer Inc. New York, NY). Nevertheless, no dose adjustment is recommended based on CYP2C19 status in clinical practice.
Ritonavir is a peptidomimetic inhibitor of HIV-1 protease, which disables the HIV protease process gag-pol polyprotein precursor and leads to production of noninfectious immature HIV particles. Based on in vitro and in vivo studies, ritonavir is primarily metabolized by CYP3A and to a lesser extent by CYP2D6, and it is a potent CYP3A inhibitor (9, 10, 12, 20) . Ritonavir has dual effects of simultaneous CYP3A inhibition and induction, but the net pharmacokinetic outcome during chronic ritonavir therapy is inhibition of CYP3A activity. However, the magnitude of inhibition cannot be easily predicted, since the dose dependence of CYP3A induction by ritonavir has not been established (9, 10, 20) . In addition, ritonavir appears to induce the activities of CYP1A2, CYP2C9, CYP2C19, and glucuronosyl transferase (12, 27) . Because of the complexities associated with ritonavir metabolism, the magnitude of interaction between ritonavir and other drugs is difficult to predict, particularly for drugs that are metabolized by multiple enzymes.
Since voriconazole and ritonavir share at least one common hepatic metabolic pathway, CYP3A, and may also compete for CYP2C19 and CYP2C9, a potential pharmacokinetic interaction was expected. The recommended therapeutic dosing regimen of oral voriconazole (400-mg twice-daily [BID] loading doses on day 1, followed by 200-mg BID maintenance doses) was evaluated. Although the recommended maximum ritonavir dosing regimen is 600 mg BID, a 400-mg BID regimen was selected for evaluation in the first study (study A) due to concern about possible gastrointestinal tolerability issues in healthy subjects at the maximum ritonavir dose (15) . In the second study (study B), 100 mg BID ritonavir was evaluated, since highly active antiretroviral therapy, using low-dose ritonavir (100 to 400 mg/day) in combination with other PIs, is increasingly common due to exposure enhancement of other PIs by ritonavir (2, 3, 6) .
The primary objective of these two studies was to evaluate the effect of ritonavir on voriconazole pharmacokinetics at steady state in healthy male subjects and vice versa. The tolerability and safety of repeated doses of voriconazole coadministered with ritonavir were also evaluated.
(Some of the data in this article were presented as an abstract and poster presentation at the 
MATERIALS AND METHODS
Study design. Study A was a randomized, subject-and investigator-blind with respect to voriconazole, placebo-controlled (voriconazole only), two-period, parallel-group, multiple-dose, intragroup fixed-dose-sequence study of 34 healthy male subjects. Half of the enrolled subjects received voriconazole-matching placebo administered in the same fixed-dose sequence as active voriconazole. The subjects received the treatment displayed in Table 1 . In period 1, the subjects received 200 mg BID voriconazole or placebo alone for 3 days (with 400-mg BID loading doses on day 1). The subjects were discharged from the Clinical Research Unit (CRU) of MDS Pharma Services (Phoenix, AZ) after the last pharmacokinetic sample was obtained on day 4 and returned to the CRU on day 10 with a minimum 7-day washout. In period 2, all subjects received 400 mg BID ritonavir alone for 10 days (days 11 to 20), and then ritonavir was coadministered with 200 mg BID voriconazole or placebo for the next 10 days (with 400-mg BID loading doses of voriconazole on day 21). The subjects were discharged from the CRU on day 31 after the last pharmacokinetic sample was obtained and returned for a follow-up visit 10 to 14 days after the last dose of study medication. The parallel placebo group was used as a control to rule out any potential changes in the pharmacokinetics of ritonavir given alone for 20 days.
In study B, the same study design was used to evaluate the effect of low-dose ritonavir (100 mg BID) on voriconazole pharmacokinetics, except that the placebo group was dropped (Table 1 ) and the study was conducted at the CRU of Comprehensive NeuroScience (Ft. Lauderdale, FL).
The study protocols were approved by the local institutional review boards (study A, MDS Pharma Services Inc. Institutional Review Board, Lincoln, NE; study B, Independent Investigational Review Board, Plantation, FL). In both studies, subjects were enrolled after they signed the informed consent.
Study population. The subjects enrolled in both studies were healthy nonsmoking males 18 to 55 years old with body mass indexes between 18 and 30 kg/m 2 and weighing Ͼ50 kg. Their health was determined by a detailed medical history; a full physical examination, including vital signs; 12-lead electrocardiograms (ECGs); and clinical laboratory tests. Subjects were excluded if they had known hypersensitivity to azoles, a positive urine drug screen, or evidence of liver disease. The subjects were prohibited from taking medications known to be inhibitors, inducers, or substrates of the CYP3A enzyme or to interact with voriconazole. No consumption of grapefruit or grapefruit-containing products was allowed within 7 days before the first dose of voriconazole and throughout the study. The subjects abstained from alcohol and tobacco or nicotine-containing products for at least 14 days before the first dose and throughout the study.
Drug administration and sample collection. Voriconazole (VFEND; Pfizer) and matching placebo tablets were supplied to the CRU by Pfizer (New York, NY). Ritonavir (NORVIR; Abbott Laboratories) capsules were obtained by the CRU from commercial sources. While confined to the CRU, subjects fasted for at least 4 h before any safety laboratory evaluations and for 8 h before the morning dose of voriconazole, and they continued without food for at least 1 h following dosing. For the evening dose of voriconazole, the subjects were not allowed to consume food for at least 1 h before and 1 h after dosing. Ritonavir was administered with breakfast or an evening snack, as recommended by the product label information, in order to improve the gastrointestinal tolerability. When coadministered with ritonavir, voriconazole or placebo was given under fasting conditions 1 hour prior to ritonavir administration. For both medications, each dose was administered with 240 ml water under the direct supervision of study personnel.
In both studies, blood samples (3 ml) to characterize voriconazole pharmacokinetics were collected on days 3 and 30 at 0.5, 1, 1.5, 2, 3, 5, 6, 8, 10, and 12 h postdose; blood samples were also collected prior to the morning dose of voriconazole on days 1 to 3, 21, and 27 to 30 for the measurement of trough concentrations (C min ). Blood samples (7 ml) to characterize ritonavir pharmacokinetics were collected on days 20 and 30 at 0.5, 1, 2, 4, 5, 7, 9, 11, and 12 h postdose; blood samples were also collected prior to the morning dose of ritonavir on days 11, 17 to 20, 21, and 27 to 30 for the measurement of C min . All blood samples were centrifuged at 1,700 ϫ g for about 10 min at approximately 4°C, and the plasma was obtained and stored at approximately Ϫ20°C within 1 h of collection until it was analyzed.
Analytical methods. PPD Development (Richmond, VA) analyzed plasma samples for voriconazole using a previously validated liquid chromatographytandem mass spectrometry (LC/MS/MS) method (25) . The plasma samples (0.100 ml) were extracted using a solid-phase extraction procedure, followed by LC/MS/MS separation and detection. The dynamic range of the assay for voriconazole was 10 to 2,500 ng/ml. The accuracy of the quality control samples used during sample analysis ranged from Ϫ1.9% to 5.2%, with a precision of Յ10.6% for voriconazole. PPD Development also analyzed plasma samples for ritonavir using a validated LC/MS/MS assay similar to a previously published method (5) . The dynamic range of the assay for ritonavir was 10 to 10,000 ng/ml. The accuracy of the quality control samples used during sample analysis ranged from Ϫ11.8% to 9.4% with a precision of Յ10% for ritonavir. All the samples were analyzed within the established long-term stability period. Pharmacokinetic analysis. Pharmacokinetic analysis was performed with WinNonlin version 3.2 (Pharsight, Mountain View, CA) using standard noncompartmental methods. The maximum observed plasma concentration (C max ), time to reach C max (T max ), and C min for voriconazole and ritonavir were estimated directly from concentration-time data. The AUCs during the dosing interval (AUC 0-12 ) for voriconazole and ritonavir were estimated using the linear/log trapezoidal approximation.
Safety assessment. Assessments included repeated safety laboratory tests (hematology, chemistry, and urinalysis) on days 0, 4 (before discharge from the CRU), 10, 15, 21, 25, and 30; physical examinations on days 0, 4, 10, 15, 21, 25, and 31 (before discharge from the CRU); vital signs (supine heart rate and blood pressure) and 12-lead ECGs on days 1, 3, 4, 11, 15, 20, 21, 25, 30, and 31; and continuous adverse-event (AE) monitoring. These assessments were also measured at screening and the follow-up visit. On days 1, 3, 11, 15, 20, 21, 25, and 30, there were multiple measures of vital signs and single 12-lead ECGs at predose and 1, 3, and 8 h after the voriconazole morning dose. Prior to the voriconazole morning dosing on day 1 only, triplicate ECG measurements were collected, and the mean served as each subject's baseline value.
Statistical methods. (i) Sample size determination. Assuming a dropout rate of approximately 30%, 34 subjects were randomized into study A to ensure that 24 subjects (12 subjects per treatment group) would complete the study. This sample size provided an 80% probability of calculating the 90% confidence intervals (CIs) and levels of precision we could expect to obtain for various possible relative bioavailability estimates for the AUC 0-12 and C max of voriconazole in the presence of ritonavir (16) . For instance, if the estimated ratio of AUC 0-12 (day 30/day 3) was 0.9, the 90% CI would be no wider than 0.82 and 0.99. These calculations were based on the intrasubject coefficient of variation estimates for voriconazole AUC 0-12 and C max of 0.108 and 0.178, respectively, from a previous bioequivalence study with crossover design evaluating three research tablet formulations, which were used in the clinical development program (phase 1 and 3 studies). The same calculation was also applied in study B, where the calculations were based on the intrasubject coefficient of variation estimates for voriconazole AUC 0-12 and C max of 0.299 and 0.243, respectively, obtained from study A.
(ii) Statistical analysis of pharmacokinetic parameters. For voriconazole and ritonavir, the AUC 0-12 and C max are presented as arithmetic means with standard deviations (SD), and T max is presented as median and range. The natural log-transformed AUC 0-12 and C max of voriconazole and ritonavir were analyzed using a mixed-effects analysis of variance model with SAS MIXED procedure using SAS version 8.2 (SAS Institute Inc., Cary, NC). Restricted maximum likelihood estimation was used. The treatment was specified as the fixed effect with a random effect for subjects within a group. For voriconazole, the point estimates of the adjusted mean treatment differences (day 30 Ϫ day 3) and their respective 90% CIs around the differences were calculated. These estimated treatment differences and their respective confidence limits were antilog (exponent) transformed to the ratios of the adjusted geometric means (day 30/day 3) and their respective 90% CIs around the ratios. The adjusted geometric mean ratios (day 30/day 20) for ritonavir and their respective 90% CIs around the ratios were calculated in the same manner.
(iii) Safety data. For both studies, all the safety data were summarized descriptively. In addition, vital signs and ECG data (Bazett corrected QT [QTcB] and Fridericia corrected QT [QTcF] were qualitatively described and categorized relative to the change from the baseline value (the mean of triplicate values prior to dosing on day 1). Additionally, for study A only, a linear mixed-effects model for repeated measures (vital signs and ECGs) was used to model the change from baseline data for all nominal time points obtained on days 3, 20, and 30, respectively, for each treatment regimen with SAS version 8.2. This model had the treatment as the fixed effect and the baseline as a covariate. The within-treatment group differences between the voriconazole group and the placebo group were also compared. Appropriate linear contrasts were used to obtain point estimates of mean differences of interest, and their 95% CIs of the mean differences were constructed. No adjustments were made for multiple comparisons.
RESULTS

Subject disposition.
In study A, 34 adult male subjects were enrolled and 29 completed dosing. Among the five discontinuations, three were due to treatment-related AEs: one with mild nausea and vomiting (voriconazole alone), one with a mild laboratory abnormality (placebo alone), and one displaying an altered mental status (placebo plus ritonavir). The other two were not treatment related: one had a viral respiratory tract infection (RTI) (voriconazole plus ritonavir), and one withdrew voluntarily (voriconazole plus ritonavir). Two additional subjects were lost to follow-up but completed the dosing periods and were included in the pharmacokinetic analysis. The two treatment groups (voriconazole versus placebo) had similar demographics (Table 2) . In study B, 17 adult male subjects entered and completed the study, and their demographics are presented in Table 2 .
In each study, there was one subject in whom ritonavir had an opposite effect on voriconazole exposure (a 2.5-to 3-fold increase) compared to the other subjects. These two subjects were not included in the statistical analysis of voriconazole exposure (i.e., calculation of mean pharmacokinetic parameters). The exposure and safety data from these two subjects are described separately.
Effect of ritonavir on steady-state voriconazole pharmacokinetics. The steady-state mean voriconazole concentrations decreased significantly when the drug was coadministered with 400 mg BID ritonavir (Fig. 1, top) . The effect of 100 mg BID ritonavir on the steady-state mean voriconazole concentrations was substantially lower compared to that of 400 mg BID ritonavir (Fig. 1, bottom) . As shown in Fig. 2 (left) , there was a consistent decrease in the individual steady-state exposure parameters (AUC 0-12 and C max ) of voriconazole during coadministration with 400 mg BID ritonavir, except for one subject. The magnitude of the decrease was substantial (AUC 0-12 , 73% to 91%; C max , 48% to 82%). The decreases in mean voricon- azole AUC 0-12 and C max were 83% and 68% during coadministration with 400 mg BID ritonavir ( Table 3 ).
The subject who had an opposite effect of ritonavir on voriconazole exposure was a 38-year-old Hispanic male. His voriconazole exposure on day 3 was the highest among all the subjects (AUC 0-12 , 60.9 g · h/ml; C max , 5.9 g/ml) and increased approximately 2.5-fold on day 30 when the drug was coadministered with 400 mg BID ritonavir (AUC 0-12 , 153 g · h/ml; C max , 14.4 g/ml). In addition, the steady state of voriconazole was not achieved on day 30 in this subject, since the C min continued to increase from day 27 to day 30.
When coadministered with 100 mg BID ritonavir, the effect on the steady-state voriconazole exposure parameters was inconsistent and lower than that of 400 mg BID ritonavir (Fig. 2,  right) . Four subjects exhibited increases in voriconazole exposure: three subjects had slight increases in voriconazole exposure (i.e., 10% to 42%), and one subject, who was a 40-year-old Hispanic male, showed approximately threefold-higher voriconazole exposure on day 30 (AUC 0-12 , 42.1 versus 140 g · h/ml; C max , 5.1 versus 13.0 g/ml) in the presence of 100 mg BID ritonavir. With exclusion of this subject, the decreases in mean voriconazole AUC 0-12 and C max were 39% and 24% when the drug was coadministered with 100 mg BID ritonavir (Table 3) . 
Downloaded from
The steady state of voriconazole was achieved on day 2 following 400-mg BID loading doses on day 1, as indicated by similar C min values on days 2 and 3. Following coadministration with either 400 mg or 100 mg BID ritonavir, the steady state of voriconazole was achieved within 7 days, as indicated by similar C min values on days 27 to 30, except for the subject in study A who had the opposite effect of ritonavir (resulting in high voriconazole exposure on day 30).
Effect of voriconazole on steady-state ritonavir pharmacokinetics. The steady-state mean ritonavir concentrations following 400 mg BID ritonavir alone were similar to those following coadministration with 200 mg BID voriconazole (Fig. 3,  top) . However, compared to low-dose ritonavir alone (100 mg BID), the steady-state mean ritonavir concentrations following coadministration with 200 mg BID voriconazole were lower during the absorption phase (Fig. 3, bottom) .
There was no consistent trend in individual AUC 0-12 and C max of high-dose ritonavir (400 mg BID) in the presence of voriconazole, and the day 30/day 20 ratio of ritonavir AUC 0-12 ranged from 0.49 to 2.32. In the placebo group (study A only), the day 30/day 20 ratios of ritonavir AUC 0-12 ranged from 0.55 to 1.33. Only two subjects in the voriconazole group showed ritonavir ratios (1.68 and 2.32) higher than the maximum in the placebo group. There was no special finding on ritonavir exposure in the subject who had unusually high voriconazole exposure on day 30. In the voriconazole group, the 90% CIs for AUC 0-12 and C max ratios of ritonavir included 100% (Table 4) , indicating no statistically significant effect of voriconazole on the high-dose ritonavir exposure. In the placebo group, the steady-state mean ritonavir exposure parameters on day 20 and day 30 were similar ( Table 4 ), indicating that 10-day ritonavir 400-mg BID dosing was sufficient for maximizing enzymatic induction. The similar steady-state ritonavir exposures in the voriconazole and placebo groups confirmed that the pharmacokinetics of high-dose ritonavir was not affected by coadministration with 200 mg BID voriconazole.
There was also no consistent trend in individual AUC 0-12 and C max of low-dose ritonavir (100 mg BID) in the presence of voriconazole. The day 30/day 20 ratio of the ritonavir AUC 0-12 ranged from 0.48 to 1.69, while the ratio of C max ranged from 0.31 to 2.07. There was no special finding on ritonavir exposure in the subject who had unusually high voriconazole exposure on day 30. Table 4 ). The 90% CI for AUC 0-12 ratio included 100% marginally, but the upper bound of the 90% CI for the C max ratio fell slightly below 100%, indicating an effect of voriconazole on the C max of low-dose ritonavir.
In both studies, the steady state of ritonavir was achieved within 7 days of repeated dosing of ritonavir alone or coadministered with voriconazole, and the steady-state C min values remained generally unchanged following coadministration, as indicated by similar C min s on days 17 to 20 and 27 to 30 (data not shown).
Safety. There were no deaths, serious AEs, or severe AEs reported in the two studies. There were no dose reductions due to AEs, but there were three discontinuations due to AEs in study A, as described above.
(i) Study A (high-dose ritonavir). In the voriconazole group (n ϭ 17), AEs were reported by 9 subjects receiving voriconazole alone (16 events), 15 subjects receiving ritonavir alone (63 events), and 14 subjects receiving coadministration (78 events) (Table 5 ). In the placebo group (n ϭ 17), AEs were reported by 10 subjects receiving placebo (10 events), 13 subjects receiving ritonavir alone (59 events), and 12 subjects receiving coadministration (50 events). Most AEs (97%) were mild in intensity. There were three moderate AEs: headache (ritonavir plus placebo), photophobia (voriconazole plus ritonavir), and viral RTI (voriconazole plus ritonavir). The incidents of headache and photophobia resolved without intervention, and the subject with viral RTI was discontinued from the study. Most of the AEs (86%) were considered treatment related. When ritonavir was coadministered with voriconazole, there was a slight increase in the total number of AEs, but the occurrence of the most frequently reported treatment-related AEs was not notably increased, with the exception of headache and hot flashes (Table 5 ). In the voriconazole group, abnormal vision was reported in three subjects receiving voriconazole alone and photophobia was reported in two subjects during coadministration. In the placebo group, abnormal vision was reported in one subject receiving placebo with ritonavir. Visual disturbances (abnormal vision and photophobia) are known side effects of voriconazole and are reported on the current product label. Dry eyes and hematuria were two AEs that had not been identified in the labeling for either voriconazole or ritonavir; all these incidents were mild and resolved without intervention. There were no clinically significant changes in vital signs and ECGs (QTcB and QTcF) when mean changes from baseline over time were compared in each treatment regimen in the voriconazole group. In addition, it did not appear to be a difference in QTcB or QTcF that was responsible for the change from baseline over time when the voriconazole group was compared to the placebo group.
A total of 17 subjects had at least one abnormal laboratory value, but no values exceeded the criteria for potential clinical concern, except for one subject. This subject had significantly elevated hepatic enzymes and was the one with very high voriconazole exposure in the presence of ritonavir. He had no laboratory abnormalities up to day 25, but his day 30 laboratory results showed increases in alkaline phosphatase (ϳ1.5 times the upper limit of normal [ULN]), alanine aminotransferase (ALT) (Ͼ3 times the ULN), and aspartate aminotransferase (AST) (Ͼ7 times the ULN). He was subsequently asked to return to the CRU, and his alkaline phosphatase, ALT, AST, and gamma-glutamyl transferase (GGT) were monitored frequently until all of the parameters returned to normal. GGT was not evaluated originally but was added on follow-up by the principal investigator and was found to be Ͼ26 times the ULN 3 days after discharge from the CRU. The magnitude of the elevated GGT is suggestive of alcohol intoxication, but the subject denied having imbibed alcoholic beverages after being discharged from the CRU. While other enzymes returned to the normal range by 10 to 32 days postdischarge from the CRU, GGT was the last to return to normal at 57 days postdischarge from the CRU.
(ii) Study B (low-dose ritonavir). All AEs were mild in intensity, and most AEs (80%) were considered to be treatment related (Table 5 ). Coadministration of voriconazole and ritonavir was associated with a higher overall incidence of treatment-emergent AEs than with administration of ritonavir alone. Three treatment-related AEs observed during coadministration that had higher rates than in the single-agent treatment were insomnia (10 subjects), abnormal vision (5 subjects), and dry skin (7 subjects). Skin reactions and visual abnormalities are known side effects of voriconazole and are on September 7, 2017 by guest http://aac.asm.org/ reported on the current product label. Similarly, there were no clinically significant changes in vital signs and ECGs when mean changes from baseline over time were compared in each treatment regimen. Although a total of five subjects had at least one abnormal laboratory value, no values exceeded the criteria for potential clinical concern, except for one subject. This subject had elevated ALT (Ͼ3 times the ULN) on day 30, which was not present when either voriconazole or ritonavir was being administered alone. This subject was the one who had very high voriconazole exposure in the presence of ritonavir. He was subsequently asked to return to the CRU and was monitored frequently until the ALT returned to the normal range at 15 days postdischarge from the CRU.
DISCUSSION
It is apparent that the extent of the ritonavir effect on voriconazole pharmacokinetics was dependent on the ritonavir dose. High-dose ritonavir (400 mg BID) produced a clinically significant decrease in steady-state voriconazole exposure. The effect of low-dose ritonavir (100 mg BID) was less pronounced and inconsistent. It is interesting that there was one subject in each study who had a substantial increase in voriconazole ex- (Fig. 2) . Although these two subjects were different from other subjects with respect to voriconazole exposure when the drug was administered alone and with ritonavir, their ritonavir exposures were similar to those of other subjects. Except for these two subjects, the net effect of ritonavir on voriconazole metabolism was induction, probably due to CYP2C19 and CYP2C9 enzyme induction. Although the net effect of ritonavir on CYP3A was inhibitory, it appears that CYP3A inhibition was offset by CYP2C19 and CYP2C9 induction, since CYP3A is not a major pathway for voriconazole metabolism. In addition, the results suggest that the induction of CYP2C19 and CYP2C9 by ritonavir is dose dependent. In the presence of low-dose ritonavir (100 mg BID), a slight increase in voriconazole exposure on day 30 was observed in 3 out of 17 subjects (i.e., 10% to 42%), suggesting the net effect of ritonavir on voriconazole metabolism was inhibition in these subjects. In one subject in each study, an opposite effect of ritonavir on voriconazole was observed. This net inhibitory effect of ritonavir on voriconazole metabolism could be due to the lack of CYP2C19 enzyme in these two subjects. This hypothesis is supported by the fact that voriconazole exposures in these two subjects on day 3 were significantly higher than in others and comparable to the historical control in PMs (14, 18, 22, 28) . The opposite effect of ritonavir could be explained by the absence of CYP2C19 enzymes in these PMs, so that alternative metabolic pathways via CYP3A became the primary pathway for voriconazole in these subjects, and therefore the inhibitory effect of ritonavir on CYP3A resulted in the increase in voriconazole exposure during coadministration. Although genotyping was not done in this study, the percentage of PMs projected in both studies (1/17) is consistent with the prevalence (3 to 5%) of CYP2C19 PMs in the study population (Caucasians, Hispanics, and blacks) (17, 29) .
It was reported in a recently published clinical study that the short-term (2-day) administration of ritonavir resulted in a significant increase in voriconazole exposure regardless of the CYP2C19 genotyping status (18) . This increase in voriconazole exposure when the drug was administered with acute ritonavir therapy (300 mg BID for 2 days) was probably due to CYP3A inhibition by ritonavir (18) . However, during long-term ther- apy with ritonavir, voriconazole exposures are expected to be decreased significantly for CYP2C19 EMs and HEMs, and the extent of the decrease depends on the dose of ritonavir, due to inductive effect on CYP2C19 and CYP2C9. In CYP2C19 PMs, an increase in voriconazole exposure would be expected during coadministration with ritonavir regardless of the ritonavir doses and dosing duration. On the other hand, voriconazole had no apparent effect on steady-state high-dose ritonavir exposure, although voriconazole is also a substrate and a weak inhibitor of CYP3A. These findings are consistent with previously published clinical studies of ritonavir with other CYP3A inhibitors, such as fluconazole and clarithromycin (4, 19) , which could be explained by the higher affinity of ritonavir for CYP3A than for other inhibitors, including voriconazole. However, the mean C max of low-dose ritonavir was slightly decreased when the drug was coadministrated with voriconazole (C max , Ϫ24%). The mechanism of this effect is not clear. Although C max of 100 mg ritonavir was slightly decreased in the presence of voriconazole, the C min remained generally unchanged, which was important for PIs, since keeping the C min above certain threshold values is the key determinant to achieve and maintain adequate antiviral efficacy (1, 12) .
Overall, the safety profile of coadministration of voriconazole with high-dose or low-dose ritonavir was not notably different from that of administration of voriconazole or ritonavir alone. Although all visual AEs were assessed by the investigator as treatment related, all but one were mild in nature (the exception was moderate photophobia). All the visual disturbances were transient and fully reversible without any intervention, which was consistent with what had been reported in the phase 3 clinical trials (26) . There were no clinically significant trends in postdose clinical laboratory assessments suggesting a relationship to concurrent use of voriconazole and ritonavir, except for two subjects with very high voriconazole exposure on day 30. Elevated hepatic transaminases in these two subjects were not unexpected, since positive associations between plasma voriconazole concentrations and rates of both liver function test abnormalities and visual disturbances have been identified (26) . The net inhibitory effect of ritonavir on voriconazole exposure in CYP2C19 PMs, resulting in significant accumulation of voriconazole, could raise a potential safety concern.
In summary, chronic ritonavir therapy significantly decreased steady-state voriconazole exposure. Due to the significant effect of ritonavir on voriconazole exposure, coadministration of voriconazole with 400 mg BID ritonavir is contraindicated; coadministration with 100 mg BID ritonavir should be avoided, unless an assessment of the benefit/risk to the patient justifies the use.
